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Abstract: Radio-Loud narrow-line Seyfert 1 galaxies (NLS1s), especially the extremely radio-loud ones,
are widely accepted as the jetted versions of NLS1s. We explore the radio-loud fraction for NLS1s with
recently released LoTSS DR1 at 150 MHz. The radio detection rate is about 28% for LoTSS DR1. The
radio detected NLS1s have lower redshift than the non-detected ones. Moreover, the 150 MHz radio
luminosity of NLS1s detected by LoTSS are about two orders of magnitude weaker than that of the
previous samples. By defining the radio loudness with the ratio between 150 MHz radio flux and SDSS
r band flux, the radio-loud fraction is about 1% with the critical radio loudness equalling to 100. Radio
loudness shows no dependence on central black hole mass, while weak correlations are found between
radio loudness and disk luminosity, as well as Eddington ratio.
Keywords: Seyfert galaxies;relativistic jets
1. Introduction
The formation of jets in active galactic nuclei (AGNs) and their connection with accretion disks are
important open questions [1]. Narrow-line Seyfert 1 galaxies/quasars (NLS1s) catch many attentions
since their discoveries at γ-ray band during Fermi era [2], which makes them an important population of
jetted AGNs [3,4]. NLS1s are characterized by their narrow profiles of the broad components of Balmer
lines, and high strength of Fe [II] multiple complex [5]. Their central engine are believed to be powered
by lighter black hole (< MBH >= 106.5M⊙) and higher accretion rate (< Lbol/LEdd >= 0.79) [6,7].
The radio structures of NLS1s are also found to be compact [8]. These features indicate evolved central
engines and jet activities of NLS1s, which makes jetted NLS1s useful to understand jet formation and
AGN unification [9].
Radio loudness is one of the most common features to find candidates of jetted AGNs [10]. The
initial definition of radio loudness is based on the flux ratio between 5 GHz radio band and optical B band
(4400 Å) [11]. Several alternative definitions with different radio or optical bands are also applied in the
literature [12–16]. The scenario that AGNs contain two distinct populations, radio-loud and radio-quiet,
is based on the bimodal distribution of radio loudness. Radio emission of radio-loud AGNs is believed
to be produced by jets. Meanwhile, many researches suggested that the distribution of radio loudness
for AGNs is not bimodal [16]. The radio emission originated from star formation activity can also make
AGNs appearing as radio-loud [17–19]. The combined contribution from jet and star formation makes a
continuous distribution of radio loudness. However, for the extreme radio-loud AGNs, i.e., AGNs with
radio loudness larger than 100, their radio emission could still be dominated by jet activities [16].
The radio-loud fraction of NLS1s is found to be smaller than that of other jetted AGNs. Zhou et al.
(2006) built the largest NLS1 sample at the time with SDSS DR3. They found that the fraction of
NLS1s decreases as the radio loudness increases. Komossa et al. (2006) also explored a sample of optically
selected NLS1s and found the radio-loud fraction is about 7%, lower than the typical 10% - 20% for
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quasars [14,21]. Recently, Singh and Chand (2018) explored the radio associations of a sample of optically
selected NLS1s with several radio surveys. The radio detection rate of NLS1s were found to be low, from
0.7 percent to 4.6 percent. However, majority of radio-detected NLS1s could be defined as radio-loud[22].
Moreover, the extreme radio-loud NLS1s, which have similar features with blazars, are widely
explored in the literature [4]. According to the unification model, there expected to find 2Γ2 (Γ is the bulk
Lorentz factor of jet, which is about 10 in γ-ray NLS1s[23]) misaligned radio-loud NLS1s [24]. However,
the steep-spectrum radio-loud NLS1s are found to be rare than the prediction of unification model [25].
One possibility to explain this is that there are fractional radio-loud NLS1s missed in the previous radio
surveys. Therefore, it is important to built samples of radio-loud NLS1s with more sensitive radio
surveys.
Radio radiation of AGN jets is usually dominating at low radio frequency, results in a steep
radio spectra. Thus the low-frequency radio survey is expected to be more efficient to detect jetted
AGNs. However, the sensitivities of low-frequency radio surveys are much higher than those at higher
radio frequencies, such as the FIRST survey. Recent years, several low-frequency radio surveys has
been performed and released their source catalogues [26–28]. Their sensitivity and sample sizes are
comparable, even better than the radio surveys at GHz band [28]. Thus it is feasible to examine the
radio-loud fraction of NLS1s at low radio band.
In this paper, we revisit the radio detection rate and radio-loud fraction of NLS1s with the first data
release of LOFAR Two-metre Sky Survey (LoTSS DR1) [28]. In Section 2, the method for sample selection
in our work is described. Section 3 explore the properties of radio detected NLS1s, and the nature of their
radio loudness. In section 4, we compare our results with previous researches, and discuss the origin of
radio emission for the LoTSS detected NLS1s. The main results are summarized in section 5.
2. Sample
The LOw Frequency ARray (LOFAR; van Haarlem et al. 2013) constructed in the north of the
Netherlands and across europeis is a radio interferometer covered the low-frequency radio band from
10-240 MHz. LoTSS is a 120 - 168 MHz radio survey with the High Band Antenna (HBA) system of
LOFAR. Making use of direction-dependent calibration, the first full quality public data release of LoTSS
(LoTSS DR1) reaches the median sensitivity 71 µJy beam−1, the resolution 6′′and the positional accuracy
within 0.2′′. 424 square degrees in the region of HETDEX Spring Field (right ascension 10h45m00s to
15h30m00s and declination 45◦ 00′ 00′′ to 57◦ 00′ 00′′ ) are mapped in LoTSS DR1, which contains 325
694 sources with σ > 5 [28]. Williams et al. (2019) associated LoTSS DR1 with several optical and IR
catalogues, and removed various artefacts due to the limitations of Python Blob Detector and Source
Finder (PyBDSF). Then they built the LoTSS-DR1 value-added catalogue (hereafter LoTSS DR1-ID),
which contains 318 520 source in total.
Rakshit et al. (2017) modelled the spectra of the quasars in SDSS DR12, and derived a catalog
with 11101 NLS1 candidates, in which 968 objects are within the HETDEX Spring Field. As suggested
by Berton et al. (2020), there are some spurious non-NLS1 sources in the sample of Rakshit et al. (2017),
especially for the sources with low signal-to-noise ratio (S/N). Thus we remove the NLS1 candidates
with median S/N less than 5 per pixel in our analysis. This leaves 725 NLS1s in the field of LoTSS DR1.
In Rakshit et al. (2017), the authors listed the properties of the emission lines and continuum. Based on
the λ5100 luminosity and the FWHM of Hβ, central black hole mass and disk luminosity can be estimated
with several empirical relations [32].
For comparison, we build a sample of broad-line Seyfert 1 galaxies (BLS1s) from the 13th version
of the Catalogue of Quasars and Active Nuclei compiled by Véron-Cetty and Véron (2010). Among the
13975 sources labelled as "S1", there are 500 objects in the field of LoTSS DR1.
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The optical photometric magnitudes of NLS1s and BLS1s are derived from the website of SDSS
CrossID for DR12 1. For the 500 BLS1s in LoTSS DR1 region, there are 491 associations in SDSS website.
The galactic extinctions of all sources are derived from IRSA Dust Extinction Service 2, which are based
on the extinction law of Schlafly and Finkbeiner (2011).
The optically selected sample of NLS1s and BLS1s are cross-matched with LoTSS DR1-ID with the
radius 5′′. 204 and 181 radio counterparts of NLS1s and BLS1s are found, respectively. The corresponding
radio detection rate is about 28.1% and 36.2%, respectively.
3. Results
3.1. The Properties of Radio Detected NLS1s
Figure 1 shows the distribution of 150 MHz radio flux for NLS1s and BLS1s. NLS1s and BLS1s show
similar ranges of 150MHz radio flux, while the flux of the brightest BLS1 (1334.17mJy) is higher than that
of the brightest NLS1 (548.39 mJy). The Kolmogorov-Smirnov (K-S) test is applied to evaluate whether
the flux distribution of the two samples are drawn from the same distribution [35]. We consider that the
null hypothesis that two populations are drawn from the same distribution, can not be rejected when the
probability is greater than 0.05. The K-S test denies that the flux distributions of NLS1s and BLS1s are
drawn from the same sample, with the probability equalling to 0.002. BLS1s show higher mean 150 MHz
flux (16.56 mJy) than NLS1s (7.14 mJy).
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Figure 1. The distribution of 150 MHz radio flux for LoTSS detected NLS1s and BLS1s.
For NLS1s, we estimate their black hole mass and disk luminosity with the luminosity of λ5100
and FWHM of Hβ. The empirical relations of Shen et al. (2011) are applied with logMBH = 0.91 +
0.5 log(L5100/1044) + 2 log(FWHM) and Lbol = 9.26L5100. Typical uncertainties 0.4 dex and 0.3 dex for
black hole mass and disk luminosity of these relations are considered, respectively. The Eddington ratio
Lbol/LEdd is then calculated, where LEdd = 1.3× 1038MBH/M⊙ erg s−1 is the Eddington luminosity.
Singh and Chand (2018) noted that radio detected NLS1s have relatively smaller redshift. In order to
clarify this, we compare the redshift distribution between LoTSS detected and non-detected NLS1s (Top
1 http://skyserver.sdss.org/dr12/en/tools/crossid/crossid.aspx
2 https://irsa.ipac.caltech.edu/applications/DUST/index.html
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left panel of Figure 2). The K-S test shows that they are drawn from distinct sample with probability of
2× 10−4. The LoTSS detected sample also show relatively lower redshift with respect to the non-detected
one, with the mean value 0.38 compared to 0.46.
We then explore whether there are differences of intrinsic properties between radio detected and
non-detected NLS1s (Figure 2). The distributions of black hole mass, disk luminosity, and Eddington
ratio show no obvious difference between radio detected and non-detected objects. The K-S tests confirm
that they are drawn from the same distribution with the probability equalling to 0.45, 0.07 and 0.17 for
black hole mass, disk luminosity, and Eddington ratio, respectively.
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Figure 2. Comparisons of the properties between radio detected and non-detected NLS1s. Top left:
redshift. Top right: central black hole mass. Bottom left: disk luminosity. Bottom right: Eddington ratio.
The radio emission of jet are found to be connected with the luminosity of emission lines, such as [O
III] and broad Hα (e.g., [36,37]). These connections are believed to be due to their common energy source
from central engine. Thus they are considered as evidences of jet-disk connection. For the radio detected
NLS1, we explore the connection between 150 MHz radio luminosity and [O III] luminosity (left panel
of Figure 3). In order to exclude the common influences of redshift on luminosity, the partial Kendall’s
τ correlation test is performed to examine the luminosity correlation between radio band and emission
lines [38]. The null hypothesis of zero partial correlation can be rejected at a significance 0.95 if the
ratio between the correlation coefficient and its statistical variance (τ/σ) larger than 1.96. The correlation
between 150 MHz radio luminosity and [O III] luminosity is confirmed with τ = 0.27 and σ = 0.04. Then
a Bayesian approach of linear regression [39] is applied to explore the linear relation between these two
parameters. The result gives:
log L150 = (0.96± 0.08) log L[OIII] − (1.28± 3.29) (1)
As the emission of [O III] can be produced in the star formation region, we also compare the 150
MHz radio luminosity with the luminosity of broad Hβ (right panel of Figure 3). The partial Kendall’s τ
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correlation test shows that the 150 MHz radio luminosity is correlative with the luminosity of Hβ, with
τ = 0.22 and σ = 0.04. The linear fit shows a relatively flatter slope with
log L150 = (0.79± 0.06) log LHβ + (5.83± 2.51) (2)
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Figure 3. Left panel: The connection between [O III] luminosity and 150 MHz radio luminosity.Right
panel: The connection between the luminosity of broad Hβ and 150 MHz radio luminosity. The black
solid lines show the best fits, while the orange solid lines represent the line where the two parameters are
equal with each other.
3.2. Radio Loudness
Radio loudness can be used as a tracer of jet activity based on the assumption that radio emission
is dominated by the non-thermal radiation from jet, while the optical emission can trace the activity of
accretion process of central black hole [40]. The radiation of accretion disk is dominating at UV band.
That is why emission at short wavelength are favored to estimate radio loudness. Meanwhile, at blue
band the optical emission can be diluted by the young star formation, which is important in star-forming
galaxy and also contributes to the radio emission [41]. Blue band also suffers more dust extinction. Thus
SDSS g band and i band are both used to define radio loudness[15,16]. Here, we use the flux ratio between
150 MHz radio band and SDSS r band, which is between g band and i band. The distributions of radio
loudness for NLS1s and BLS1s are presented in Figure 4.
The distribution of radio loudness for both NLS1s and BLS1s show no clear bimodal, although a
tail at high end is plausible. The classical threshold between radio-loud and radio-quiet is 10 with the
definition of radio loudness as the ratio between 5 GHz and 4400 Å flux [11]. It can be converted into
our definition of radio loudness with the spectral index α 3 = 0.7 and 0.5 for radio and optical band,
respectively [13]. Taken 150 GHz and the central wavelength of r 6166 Å 4 into calculation, the threshold
becomes ∼ 100. In this work, we calculate the radio-loud fraction with both thresholds of 10 and 100.
Among the 204 NLS1s, there are 86 ones with radio loudness larger than 10, and only 9 ones with radio
loudness larger than 100. The radio-loud fractions are 11.9% and 1.2%, respectively. For 181 BLS1s, 38
objects have radio loudness larger than 10, and 7 ones larger than 100. Radio-loud fraction of BLS1s is
7.6% for critical radio loudness 10, and 1.4% for critical value 100.
3 Fν ∝ ν
−α
4 https://www.sdss.org/instruments/camera/#Filters
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Figure 4. The distribution of radio loudness for LoTSS detected NLS1s and BLS1s. The vertical lines show
the radio loudness equalling to 10 and 100, respectively.
The radio loudness is found to show possible correlations with black hole mass and Eddington
ratio [16,42]. We examine the correlation between radio loudness of NLS1s and black hole mass, as well
as other properties of central activities (Figure 5). The Spearman rank-order correlation test are employed
to examine the correlation between them. We consider a possible correlation when the chance probability
of a correlation is less than 0.05. No correlation is found between radio loudness and central black hole
mass with the correlation coefficient ρ = 0.11 and the chance probability P = 0.13. Weak correlation is
found between radio loudness and disk luminosity with ρ = 0.33 and P = 1.5× 10−6. Moreover, radio
loudness is correlated with Eddington ratio, with ρ = 0.38 and P = 2.6× 10−8.
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Figure 5. The dependence of radio loudness on the black hole mass (top left panel), disk luminosity
(top right panel), and Eddington ratio (bottom panel). On the top left corner of each panel, the typical
uncertainties of black hole mass, disk luminosity and Eddington ratio are labelled, respectively.
4. Discussion
Since the discovery of γ-ray emission fromNLS1s, they are believed to host relativistic jets [9]. Radio
loudness is a widest used probe to find jetted AGNs. The radio-loud fraction of NLS1s is found to be
lower than other types of AGNs, such as broad line Seyfert galaxies, or quasars [13]. Here, we use 150
MHz radio survey LoTSS DR1-ID to explore the radio properties for a optically selected sample of NLS1s
from SDSS DR12. The detection rate is about 28%, while the radio-loud fraction is about 12% and 1% for
the threshold between radio-loud and radio-quiet equalling to 10 and 100, respectively. For comparison,
the detection rate of LoTSS detected BLS1s is 36%. The radio-loud fraction of BLS1s is 8%, smaller than
that of NLS1s, when 10 is taken as the critical radio loudness. For the critical radio loudness of 100, the
radio-loud fraction is similar between NLS1s and BLS1s.
The detection rate of NLS1s with LoTSS DR1 is much higher than that at GHz band, as well as NLS1s
detected by TIFR Giant metrewave radio telescope Sky Survey (TGSS) at 150 MHz. Rakshit et al. (2017)
searched the radio counterparts with FIRST 1.4 GHz radio survey for the same optically selected sample
of NLS1s. They only find 555 radio associations. The radio detection rate is about 5%. Singh and Chand
(2018) associated NLS1s with TGSS. They got a very low detection rate of 0.7%. The median flux of NLS1s
detected by TGSS is ∼ 100 mJy, while most LoTSS detected NLS1s have 150 MHz radio flux fainter than
10 mJy (Figure 1). Similar with the results of Singh and Chand (2018), we also find that radio NLS1s can
be effectively detected at lower redshift.
The higher detection rate of NLS1s and their comparable radio-loud fraction with BLS1s indicate
that the radio properties become very different, when the sensitivities of radio surveys get better, and
more and more fainter AGNs are discovered. The median of 150 MHz radio luminosity of TGSS detected
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NLS1s is 1040.97 erg s−1 [22]. The 150 MHz radio luminosity of LoTSS detected NLS1s ranges from 1036.64
erg s−1 to 1041.91 erg s−1, with the mean value 1038.79 erg s−1. The radio luminosity of LoTSS detected
NLS1s is about two orders of magnitude weaker than that of TGSS ones. As the strength of radio
emission get weaker, the origin of radio emission for these radio NLS1s gets complicated. Relativistic
jets, star formation activity, AGN-driven wind, as well as corona associated with accretion disk can
contribute to the radio emission [41]. The results of the radio/Far-IR correlation also suggests the radio
emission in low luminosity optically selected quasars could be dominated by star formation activities [16].
Caccianiga et al. (2015) investigated the mid-IR properties for a sample of radio-loud NLS1s with flat
radio spectra [4]. They concluded that star formation activities could give important contributions at
both radio and mid-IR bands. Singh and Chand (2018) also explored the star formation contribution of
radio detected NLS1s with mid-IR data of WISE. They found that NLS1s with low radio luminosity show
similar ratio between IR and radio flux (q) with luminous IR galaxies. But they also cautioned that the
mid-IR emission is dominated by AGN activities.
In this work, we explore several correlations between jet and accretion activities to clarify the
origin of radio emission for LoTSS detected NLS1s. The radio-emission line connections are common
found in radio-loud AGNs, which are explained by the common energy source for both optical line
and radio emission [36,37]. The slope of the linear relation of L[OIII] dependent on Lradio is around
unity [37]. Rakshit et al. (2017) explored the correlation between 1.4 GHz radio luminosity and [O III]
luminosity for FIRST detected NLS1s. They got L1.4 ∝ L0.98[OIII] , which is well consistent with our finding
in Equation 1. We also examine the correlation between L150 and LHβ. This correlation is also confirmed
by the partial Kendall’s τ correlation test. Star formation activity can contribute both radio and narrow
line emission, but broad emission line is believed to be powered by the accretion power of AGN. Radio
emission from star formation activity is not expected to be correlatedwith emission of broadHβ. Thus the
luminosity correlation between 150 MHz and broad Hβ indicates that radio emission of LoTSS detected
NLS1s is still dominated by jet activity.
The dependence of radio loudness on black hole mass was presented to support that jet is more
frequent in heavier black hole system [42]. In addition, radio loudness is suggested to be negatively
correlative with Eddington ratio, due to the transition of accretion mode [43,44]. For LoTSS detected
NLS1s, no correlation is found between radio loudness and black hole mass, while positive correlation
is found between radio loudness and Eddington ratio. The main reason of the different results for
Eddington ratio is that NLS1s are accreting with much higher accretion rate (Lbol/LEdd > 0.03). Ballo et al.
(2012) dealt with a sample of type 1 AGNs, where most sources had Lbol/LEdd > 0.01, and found radio
loudness is positively correlative with Eddington ratio. The connection between radio loudness and
Eddington ratio also indicates that the radio emission of LoTSS detected NLS1s is controlled by the
accretion activity. However, these evidences are still indirect. In order to clarify the origin of their radio
emission, the multi-wavelength properties of these low radio luminosity NLS1s need to be explored in
the future, such as the radio/Far-IR correlation [18] and multi-band SEDs.
Although radio emission originated from star formation are suggested for AGNs with low radio
luminosity [16,46], there are several indirect evidences support that the low-frequency radio emission
of LoTSS detected NLS1s is related to the AGN activities, not the star formation activities. Therefore,
following Fan and Wu (2019), we estimate the jet power for the LoTSS detected NLS1s assuming that
radio emission originates from jet. The typical uncertainty of jet power is taken as 0.7 dex [48]. Then we
explore the jet-disk connection of LoTSS detected NLS1s. The left panel of Figure 6 shows the connection
between the disk luminosity and jet power. The partial Kendall’s τ correlation test [38] shows that they
are correlated when the influence of redshift is excluded, with τ = 0.30 and σ = 0.04.
Different from the NLS1s detected by TGSS [47], the jet power of LoTSS detected NLS1s in this
work is much lower than their disk luminosity (left panel of Figure 6). The mean disk luminosity and jet
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power of LoTSS detected NLS1s are 1044.84 erg s−1 and 1042.81 erg s−1, respectively. The 77 TGSS detected
NLS1s have similar mean value of disk luminosity (1044.90 erg s−1), but much higher mean value of jet
power (1044.22 erg s−1). The mean value of jet production efficiency Pj/Lbol for LoTSS detected NLS1s is
0.01. The right panel of Figure 6 shows the scatter between Eddington ratio and jet production efficiency.
Weak negative correlation is found between them, with the correlation coefficient ρ = −0.20 and the
chance probability P = 0.004.
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Figure 6. Left panel: The connection between disk luminosity and jet power. The solid line represents the
line where the two parameters are equal with each other. Right panel: The connection between Eddington
ratio and jet production efficiency. The typical uncertainties are labelled on each panel.
LoTSS detected NLS1s show similar jet-disk connection with other jetted AGNs [47]. However, their
lower jet production efficiency compared with the higher powered NLS1s suggests a potential evolution
of jet activity between low powered jetted AGNs and their high powered counterparts, just like the
low powered and classical type II radio galaxies of Fanaroff and Riley (FR IIs) [47]. This effect makes
the unification model more complicated, and need more detailed comparison with large and completed
samples of low powered jetted AGNs.
Flat spectrum radio quasars (FRSQs) and FR IIs are intrinsic the same type of AGNs in the unification
model, where the observational differences are caused by the orientation effect [50]. FSRQs are also
suggested as unified sources with jetted NLS1s. They are hosted in the higher black hole mass systems
than the later [9,23]. Fan and Wu (2019) analysed the jet power and jet - disk connection for a sample
of FSRQs, and found their mean values of Eddingtion ratio and jet production efficiency are 0.23 and
0.04, respectively. The corresponding values for the LoTSS detected NLS1s in this work are 0.31 and 0.01,
respectively. These similar features on the accretion and jet activities indicate that the LoTSS detected
NLS1s could be the low mass version of FR II-like, double lobe radio sources.
5. Summary
We explore the detection rate and radio-loud fraction with the LoTSS DR1 for the optically selected
NLS1s from SDSS DR12. Our results show a relatively high detection rate of about 28%, while a low
radio-loud fraction of 1%. The radio detected NLS1s show lower redshift than non-detected ones.
The black hole mass, disk luminosity, and Eddington ratio are similar for both radio detected and
non-detected sources. Radio loudness of radio detected NLS1s shows no dependence on central black
hole mass, while weak correlations are found between radio loudness and disk luminosity, as well as
Eddington ratio.
The radio luminosity, or the jet power of LoTSS detected NLS1s are more than one order of
magnitude lower than that of the previous radio detected NLS1s samples. These LoTSS detected NLS1s
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show connections between radio emission and emission lines, which is common existing in other jetted
AGNs. As the sensitivity and resolution of radio surveys get better, such as SKA and its pathfinders,
the properties of the low luminosity radio AGNs, their places in the unification model of AGNs, and the
origin of their radio emission need more attentions in the future.
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